Upon barrier disturbance, adult CD44 knockout (KO) mice show delayed recovery of epidermal barrier function. This correlates with the loss of apical polarization of lamellar body (LB) secretion. As tight junctions (TJs) are crucial for barrier function and regulate polarized targeting of vesicles, we hypothesized that CD44 regulates TJs and associated cell polarity complexes, which in turn contributes to altered skin barrier function in CD44 KO mice. We show a delay in embryonic barrier formation associated with a loss of apical LB localization in CD44 KO mice, which correlates with alterations in TJ proteins and Par3. Simultaneously, the activity of Rac1, a major regulator of TJ barrier function, was reduced. Importantly, normalization of barrier function at E18.5 coincided with the recovery of these proteins. Tape-stripping experiments revealed that the loss of CD44 also affected TJ proteins upon induced disturbance of the barrier in adult mice. In CD44 KO keratinocytes, cell polarization and TJ barrier function were impaired. An alteration of differentiation markers was also observed, but was less pronounced than alterations of TJ proteins. Taken together, the results reveal an important function for CD44 in the assembly and function of TJs, suggesting their involvement in the skin barrier phenotype of CD44 KO mice.
INTRODUCTION
CD44 is a cell-surface receptor (Underhill, 1992) for hyaluronic acid (HA) and other glycosaminoglycans, as well as further ligands (Ponta et al., 2003) that was first described in lymphocytes with functions in cell adhesion and cell homing. Since then, CD44 was identified in numerous cells and tissues and is known to be involved in many cellular processes, such as regulation of growth, survival, differentiation, and motility, including the activation of cell-cell and cell-extracellular matrix interactions (Turley et al., 2002; Ponta et al., 2003) .
To elucidate the biological role of CD44, Protin et al. (1999) generated mice in which CD44 was inactivated in all tissues. These mice are viable and fertile and show no obvious physical or behavioral abnormalities, even though leukocyte homing is impaired. Further analysis of adult CD44 knockout (KO) mice revealed a delayed barrier recovery after acute stratum corneum perturbation, which correlated with a loss of polarized ''apical'' secretion of lamellar bodies (LBs) toward the stratum corneum. In addition, adult CD44 KO mice show an impaired expression of differentiation markers, namely involucrin, filaggrin, and cytokeratin (CK)10 ( Bourguignon et al., 2006) . These authors also demonstrated an influence of CD44 activation by HA on the expression of differentiation markers in cultured human keratinocytes.
Tight junctions (TJs) are intercellular junctions that form a size-and ion-selective paracellular barrier. They consist of the transmembrane proteins occludin, claudins (Cldns), and junctional adhesion molecules, which can connect to the actin cytoskeleton through the so-called TJ plaque proteins, e.g., zonula occludens (ZO)-1-3, MUPP-1, and cingulin. Cldns and the TJ plaque proteins ZO-1 and ZO-2 were shown to be crucial for TJ strand formation and paracellular barrier function (Furuse et al., 2001; Umeda et al., 2006) . In cooperation with associated cell polarity complexes, TJs contribute to cell polarity by maintaining the separation between the apical and basolateral membrane domains (Aijaz et al., 2006; Shin et al., 2006) . In addition, TJ proteins are involved in cell differentiation and proliferation, and in cell signaling and vesicle transport (Schneeberger and Lynch, 2004; Matter et al., 2005) .
Various TJ proteins were identified in the mammalian epidermis in different localization patterns (Brandner, 2009) . TJ structures are localized in the stratum granulosum (SG) of the mammalian skin (Pummi et al., 2001; Brandner et al., 2002; Furuse et al., 2002) . Their relevance in regulating murine skin barrier function was shown by Cldn1-deficient and epidermal-specific E-cadherin-deficient mouse models. These mice have impaired functional TJs in the skin and died perinatally because of extensive water loss (Furuse et al., 2002; Tunggal et al., 2005) .
In addition, the cell polarity complex Par3-Par6-atypical protein kinase C (aPKC) was detected at the TJs of keratinocytes. It was shown to be regulated by Tiam1 and Rac1 activity and to be important for TJ assembly and function (Mertens et al., 2005; Helfrich et al., 2006) .
For the establishment of a functional skin barrier, the formation of the stratum corneum is crucial (Madison, 2003; Feingold, 2007) . This process depends, among others, on the fusion of the LB with the extracellular membrane at the transition of the SG to the stratum corneum (Menon et al., 1992) and therefore needs a directed (polarized) transport. Given that in simple epithelial cells, TJs separate the apical from the basolateral membrane domain which allows specific targeting of vesicles to either the apical or the basolateral membrane domain, and that cell polarity proteins are present at TJs in keratinocytes, it is tempting to speculate that TJs are involved in the regulation of the polarity of LB secretion, but this has to date not been shown.
As CD44-deficient mice showed impaired targeting of the LB toward the stratum corneum and delayed recovery after barrier disruption, we hypothesized that if TJs are important for the polarity of LB secretion and epidermal barrier formation, they should be altered in these mice. We examined TJ composition and function, as well as differentiation markers to exclude a simple differentiation-dependent effect, in three models of active barrier formation: in the epidermis during epidermal development, in the adult epidermis during barrier recovery after tape stripping, and in keratinocytes after Ca 2 þ switch. The cutaneous permeability barrier in mice is formed at the embryonic stage E16.5-E17.5. A functional barrier forms at E16.5 on the dorsal side and moves ventrally to become completely impermeable at E17.5 (Hardman et al., 1998) . In the adult epidermis, skin barrier function can be disrupted by consecutive tape stripping and barrier recovery can be subsequently observed over time (Yang et al., 1995) . In cultured keratinocytes, a switch to high extracellular calcium induces the formation of cell-cell contacts and differentiation (Hennings and Holbrook, 1983) concomitant with the formation of a functional TJ barrier (Helfrich et al., 2006; Yuki et al., 2007; Yamamoto et al., 2008) .
In this study, we demonstrate that CD44 deficiency is indeed accompanied by alterations of TJ protein expression and localization in all models used. We show altered cell polarity and impaired TJ barrier function for ions, but not for larger molecules in CD44 KO keratinocytes. Our data further suggest that Rac1 activity and Par3 protein levels are likely to be involved in these processes, whereas alterations of cell differentiation might only have a minor role.
RESULTS
CD44 KO delays outside-in barrier formation and affects LB cellular localization in the embryonic epidermis Reformation after barrier disruption is delayed in adult CD44 KO mice (Bourguignon et al., 2006) . To ask whether skin barrier formation is also delayed during epidermal development, we performed toluidine blue permeability assays (Hardman et al., 1998) in E17.5 and E18.5, as well as in newborn wild-type (WT) and CD44 KO mice. As described previously, WT mice acquired a functional outside-in barrier at embryonic day 17.5 (Kuramoto et al., 2002; Sevilla et al., 2007) . In contrast, CD44 KO mice showed penetration of the dye at E17.5 but not at E18.5, indicating that the loss of CD44 delayed barrier formation (Figure 1a) .
To investigate LB localization in epidermal development of CD44 KO mice, transmission electron microscopy was used. We observed retention of LBs in granular cells bordering to the horny layer indicative of reduced LB extrusion. In addition, we found a loss of restriction of LB localization to the apical part of cells in the SG (Figure 1b ) and in cells at the interface of the SG and stratum spinosum (data not shown) in the CD44 KO epidermis at day E17.5. Numerous LBs were present in the apical and in the basal compartments of the cells. In contrast, LBs were only present in the apical part of cells of the WT epidermis ( Figure 1b) .
Loss of CD44 results in temporary alterations of expression and localization of TJ proteins and Par3 in the skin of embryonic mice
In the simple epithelia, TJs separate the apical membrane domain from the basolateral membrane and thereby control targeting of vesicles to apical or basolateral membranes. As the polarized localization of LBs in CD44 KO mice is absent at E17.5, a similar role might be envisioned for TJs in the stratifying epithelia. In addition, TJs are known to be involved in barrier function of newborn murine skin. As barrier formation in embryonic CD44 KO mice is delayed, again a role for TJs could be postulated.
Therefore, we investigated TJ and cell polarity protein localization and expression in embryonic CD44 KO mice. In the epidermis of CD44 KO embryos, reduced staining was observed for both, Cldn1, normally found in the embryonic epidermis at sites of cell-cell contact in suprabasal cell layers (Troy et al., 2007) and Cldn4, which is found in the upper epidermal layers of newborn mice (Furuse et al., 2002) (Figure 2a ). Although the staining intensity for ZO-1 was not obviously reduced, its localization was altered upon the loss of CD44: whereas in the WT epidermis, ZO-1 was found at the entire membrane, its localization was more restricted to the lateral sites of the upper epidermal layers in the CD44 KO epidermis. In addition, distribution of the cell polarity protein Par3, investigated using an antibody that recognizes all three major splice variants, was altered in the E17.5 CD44 KO epidermis (Figure 2a ). In contrast, there was no change for aPKC (data not shown). Alterations of TJs and cell polarity proteins were confirmed by western blot analysis. The protein levels of the TJ proteins Cldn1, Cldn4, and ZO-1 were downregulated in skin lysates of E17.5 CD44 KO mice. It is noteworthy that at day E18.5, the protein levels of these www.jidonline.org 933 proteins were comparable with the WT skin, except for ZO-1 which was upregulated (Figure 2b and c) . In addition, the three isoforms of the cell polarity protein Par3 showed reduced protein levels at day E17.5, but increased levels for the 180-kDa isoform were found at day E18.5 in CD44 KO mice (Figure 2b and c). There were no alterations for aPKC (data not shown).
Loss of CD44 results in temporary alterations of expression and localization of differentiation markers
As an alteration of differentiation was observed in adult CD44-deficient mice (Bourguignon et al., 2006) , we also investigated the expression and localization of CK14, CK10, involucrin, loricrin, and filaggrin during the embryonal development of CD44-deficient mice. Localization and staining intensity of involucrin and filaggrin exhibited no differences in the epidermis between E17.5 CD44 KO and WT mice, whereas loricrin staining was slightly decreased in the lower layers of the CD44 KO epidermis (Supplementary Figure S1a online) . Moreover, for CKs, we found only minor changes: CK14 staining intensity was slightly reduced but there was no alteration in localization, and CK10 was normally expressed (data not shown). Western blot analysis revealed no significant differences in the protein amounts of loricrin, involucrin, and filaggrin in skin lysates of E17.5 and E18.5 CD44 KO mice compared with WT mice (Supplementary Figure S1b and c online). The quantification of protein amounts for TJ proteins ( Figure 2c ) and differentiationassociated proteins (Supplementary Figure S1c online) clearly shows that protein levels of TJ proteins are more pronouncedly reduced than levels of differentiation-associated proteins in E17.5 CD44 KO mice.
In adult CD44 KO mice, delayed barrier formation is accompanied by an altered expression of TJ proteins
To verify our results in adult mice also, we performed tapestripping experiments to impair epidermal barrier function and pursued barrier recovery at 1 and 3 hours. We observed a delay in barrier recovery in CD44 KO mice compared with WT mice (data not shown; also see Bourguignon et al. (2006) ). In WT mice, barrier recovery went along with a significant increase in Cldn4 mRNA, which was absent in CD44-deficient mice ( Figure 3a ). Western blot analysis also showed a slight increase in the protein level of Cldn4 in WT mice during barrier recovery, whereas in CD44 KO mice, no upregulation was found (Figure 3b and c). There were no differences between protein levels of Cldn1, Cldn4, and occludin in the non-tape-stripped adult WT and CD44 KO mouse skin ( Figure 3b ).
Loss of CD44 results in alterations of expression and localization of TJ proteins in cultured keratinocytes and influences cell polarity and TJ barrier function
To analyze TJ protein (sub)cellular localization in more detail, as well as TJ functionality, we isolated and cultured keratinocytes from WT and CD44 KO mice and switched the cells from a low-calcium (50 mM) to a high-calcium (1.8 mM) medium. Immunostaining for the transmembrane proteins Cldn1, Cldn4, and occludin at different time points revealed that the overall outlines of the cell junctions were distorted in CD44 KO cells. The staining appeared diffuse and curved compared with straight lines in WT cells, especially at early time points (1 and 3 days) ( Figure 4a ). Three and six days after Ca 2 þ switch, the staining intensity of Cldn1 and Cldn4 was slightly decreased at the cell-cell contacts of CD44 KO cells.
Western blot analysis of calcium-treated cells revealed a strong reduction in Cldn1 protein levels in CD44 KO keratinocytes at all time points (0-10 days), whereas Cldn4 levels were slightly decreased from day 3 onward. Interestingly, occludin protein levels were increased in CD44 KO cells at all time points after Ca 2 þ switch ( Figure 4b ). Confocal microscopy of double immunolocalization of occludin and E-cadherin (Figure 4c ), as well as of Cldn4 and E-cadherin (data not shown) revealed that in WT cells, occludin and Cldn4 were clearly separated from E-cadherin along the z axis, whereas in CD44 KO cells, the proteins were found in the same plane at the lateral sites of the plasma membrane, demonstrating an incomplete separation of TJ and adherens junction (AJ) proteins and therefore incomplete polarization of the cells.
The staining for Cldns and occludin suggested that these proteins were still recruited to sites of cell-cell contact but these contacts showed an altered, less mature appearance especially at early time points. Therefore, we analyzed the TJ plaque proteins ZO-1 and ZO-2, which are crucial for Cldn clustering and paracellular barrier function (Umeda et al., 2006) . ZO-1 and ZO-2 staining also revealed distorted outlines in CD44 KO keratinocytes, which were very similar to those of occludin and Cldn1 (Supplementary Figure S2a  online ). Western blot analysis did not show obvious differences for ZO-2 protein levels at early time points (0-5 days) except for 0 day, whereas a slight downregulation for ZO-1 was observed. At later time points (6-10 days), ZO-1 protein levels showed no obvious differences but ZO-2 protein levels were slightly downregulated (Supplementary Figure S2b online) .
The downregulation and mislocalization of TJ proteins was earlier shown to influence TJ barrier function in keratinocytes (Yuki et al., 2007; Yamamoto et al., 2008) . Therefore, we investigated TJ barrier function in CD44 KO cells. We measured transepithelial resistance (TER) to assess the ionic TJ barrier formation, and FITC-dextran paracellular tracer flux (PTF) to assess the barrier function for larger molecules. Western blot analysis of total skin lysates from the WT and CD44 KO tape-stripped and non-tape-stripped (control) skin. Equal amounts of proteins were separated and tubulin was used as the gel loading control (n ¼ 3). (c) Semi-quantitative western blot analysis of Cldn1, Cldn4, and occludin expression in the WT (left) and CD44 KO (right) tape-stripped skin compared with the non-tape-stripped (control) skin. The western blot band intensities were measured using ImageJ software. Cldn1, Cldn4, and occludin protein levels were normalized to tubulin levels. Subsequently, the values at the different time points were normalized to non-tape-stripped skin values, which were denoted as 100% (n ¼ 3 (b) Western blot analysis of WT and CD44 KO keratinocytes at 0-10 days after Ca 2 þ switch. Equal amounts of proteins were separated and tubulin was used as the gel loading control (n ¼ 3). (c) Double immunolocalization of occludin and E-cadherin in cultured keratinocytes. WT and CD44 KO cells were cultured on coverslips for 72 hours and double labeled with antibodies directed to E-cadherin (red) and occludin (green). In WT cells, the green signals for occludin are detected above the red signals for E-cadherin along the lateral plasma membrane (z axis). In CD44 KO cells, both signals are detected in the same plane. Eight xy-sections were recorded at 0.45-mm intervals from base to apex by confocal microscopy. Rectangles in the overview screen were magnified and the xz-image was reconstructed at the white lines drawn in the xy-section. KO, knockout; TJ, tight junction; WT, wild type. Bar ¼ 20 mm.
established a maximum TER of 1,000 O cm 2 2 days later than did WT cells. The differences between the maximum TER values were significant (Figure 5a ). There were no significant differences in the barrier function for the PTF of larger molecules: CD44 KO and WT keratinocytes formed similar permeability barriers for 4-and 40-kDa FITC-dextrans after Ca 2 þ switch (Figure 5b) . Thus, the tight junctional barrier for ions but not for larger molecules is impaired upon loss of CD44.
To examine the TJ barrier function in the epidermis, we injected a 557-kDa tracer (biotinylation reagent; Furuse et al. (2002) ) in the dermis of E17.5 mice and explored the diffusion of this molecular tracer into the epidermis. Loss of CD44 did not clearly affect the diffusion pattern of the tracer. Both CD44 KO and WT mice showed a restricted diffusion of the tracer up till the SG, where TJ structures, marked by occludin, are localized (Figure 5c ). This indicates an intact TJ barrier for larger molecules also in vivo, similar to what was observed in vitro.
CD44 deficiency influences Par3, Rac1, and Tiam1 in cultured keratinocytes
Owing to the altered localization and expression of TJ proteins, as well as impaired TJ functionality, we investigated upstream molecules known to regulate TJ formation and barrier function in keratinocytes, i.e., the polarity complex proteins aPKC and Par3, as well as the small GTPase Rac1 and the Rac1-guanine nucleotide exchange factor (GEF) Tiam1 (Mertens et al., 2005; Helfrich et al., 2006) . The immunostaining for Par3 in CD44 KO cells revealed a diffuse and curved localization at sites of cell-cell contacts, similar to, e.g., occludin and Cldn1 (Figure 6a ). However, surprisingly, CD44 KO cells showed an increased staining intensity for Par3, suggesting that more Par3 is recruited to the membrane.
Western blot analysis clearly showed reduced levels of the 150-kDa and slight changes for the 180-kDa isoform of Par3, whereas no difference was found for the 100-kDa isoform. In addition, no obvious differences in protein levels were found for either aPKCi/l or aPKCz, whereas Rac1-GEF Tiam1 and Rac1 levels were slightly reduced at certain, but not all, time points after Ca 2 þ switch ( Figure 6b ).
Delayed barrier formation and TJ protein alterations in CD44 KO mice are associated with reduced levels of active Rac1
To examine whether Rac1 is also altered in vivo, we investigated total levels of Rac1 in CD44 KO mice compared with WT mice in the embryonic skin, but no obvious difference was found (Figure 6c ). However, it is known that not only the presence but also most importantly Rac1 activity, i.e., Rac1 which has bound guanosine triphosphate, is the key feature for the mode of action of Rac1. Therefore, we performed a Rac1 activity assay. Indeed, in parallel to alterations of TJ protein expression and localization, as well as impaired skin barrier formation, a strong reduction of active Rac1 was observed in the skin of E17.5 CD44 KO mice compared with WT mice. In contrast, there was no difference between WT and CD44 KO mice in the level of active Rac1 at day E18.5, when mice had established a completely functional barrier and TJ protein levels were no longer reduced (Figure 6c ). Quantification revealed a 70% reduction in the amount of active Rac1 in the E17.5 CD44 KO skin (Figure 6d ).
Alteration of differentiation markers in cultured keratinocytes are less pronounced than changes of TJ proteins and Par3
In CD44-deficient mice, we observed a decrease in the staining intensity of loricrin as well as in the staining intensity and protein levels of TJ proteins at day E17.5. The alterations were abrogated at day E18.5. Thus, the chronological order of events is difficult to determine. Therefore, to investigate the expression of differentiation markers compared with TJ proteins in more detail, we used cultured keratinocytes obtained from WT and CD44 KO mice after Ca 2 þ switch. We observed no clear differences for protein levels of filaggrin monomer (Supplementary Figure  S3a online for days 0-5; days 6-10: data not shown) and loricrin (data not shown) at all time points. The protein levels To investigate whether downregulation of Cldn1 influences the expression of differentiation markers, we investigated keratinocytes isolated from Cldn1-deficient mice (Furuse et al., 2002) after Ca 2 þ switch. As in CD44-deficient keratinocytes, we observed a downregulation of involucrin. In addition, we observed a slight alteration for filaggrin at 472 hours (Supplementary Figure S3b online ). There was no alteration for the protein level of loricrin (data not shown).
Influence of high-molecular-weight HA on TJ barrier function
Hyaluronic acid is an important ligand for CD44 in keratinocytes and its large-size form (HA-L) was shown to influence differentiation, as well as LB formation and secretion in cultured human keratinocytes (Bourguignon et al., 2006) . Therefore, we investigated whether the binding of HA-L shows any influence on TJ barrier function. WT mouse and human keratinocytes were treated with 10 mg ml À1 HA-L (Supplementary Figure S4a online) , as well as with 50 and 100 mg ml À1 (data not shown). Although we observed, comparable with the study by Bourguignon et al. (2006) , an influence of HA-L on CK10 expression (Supplementary Figure  S4b online ), the TER with 10 mg ml À1 HA-L shows only a slight increase, which was not statistically significant.
DISCUSSION
In this study, we demonstrate that TJ protein levels and localization, as well as TJ function are impaired by CD44 deficiency and might therefore be involved in the alterations of cell polarity and barrier function observed in the epidermis of CD44 KO mice.
CD44 is expressed in the epidermis in all viable layers and has an important role in epidermal differentiation, lipid synthesis, and skin barrier function. Bourguignon et al. after acute stratum corneum perturbation and a loss of the apical polarization of LB secretion. However, the downstream effector molecules contributing to these alterations remained unknown. As TJ proteins are known to be involved in barrier function and in cell-membrane separation of the apical from the basolateral part resulting in directed targeting of vesicles and cell polarization in the simple epithelia and endothelia (Shin et al., 2006) , we hypothesized that they may contribute to skin abnormalities induced by the loss of CD44. Indeed, we show in this study that the deficiency of CD44 alters TJ protein expression and/or localization during the formation of the skin barrier in the developing embryonic epidermis, in the course of barrier recovery after tape stripping and during barrier formation in cultured keratinocytes after Ca 2 þ switch. These changes coincided with delayed skin barrier formation in mouse embryos and adult mice, and impaired TJ ion barrier function and polarization in cultured keratinocytes. Interestingly, the alteration of TJ proteins in the epidermis of CD44 KO mice was temporary. Normal or even increased protein amounts and normal staining patterns of TJ proteins were restored at day E18.5 when a functional epidermal barrier is evident. In addition, in adult CD44 KO mice, the expression pattern of TJ proteins is normal, again paralleled by a normal skin barrier function (Bourguignon et al., 2006) . However, during barrier recovery, which is delayed in CD44 KO mice, an alteration of TJ protein expression was found. This strongly supports the notion that alterations in TJs contribute directly to the skin barrier phenotype observed in CD44 KO mice.
Recent studies have shown a correlation between TJ molecule expression and TJ barrier function (TER) in keratinocytes: downregulation of Cldn1 and occludin resulted in mislocalization of ZO-1 and in a decrease in TER (Yamamoto et al., 2008) . Furthermore, treatment of keratinocytes with ochratoxin A leads to reduced amounts of Cldn4 and decreased barrier function (Yuki et al., 2007) . Therefore, the downregulation of Cldn1, Cldn4, and ZO-1 protein amounts in CD44 KO keratinocytes is likely to be responsible for the reduced extent of TER observed in our study. However, as the TER of CD44 KO cells is not reduced compared with WT cells at later time points (46 days), whereas especially Cldn1 is still downregulated, there may exist compensatory mechanisms which have to be elucidated in future experiments. It must be noted that changes in Cldn localization at later time points might contribute to this effect.
CD44 KO keratinocytes exhibited no significant changes for the permeability of larger molecules, i.e., 4-and 40-kDa dextrans. It was shown before that the permeability of molecules of different sizes can be independently regulated by TJs (Nitta et al., 2003) , and it is therefore tempting to speculate that CD44 influences only TJ permeability for ions but not for larger molecules. This may also be the explanation for the finding that we did not observe increased permeability for a 557-kDa tracer through TJs of the SG of CD44 KO mice in vivo. Although this tracer is smaller than FITC-dextrans, it is much larger than ions. This might also contribute to the observation that CD44 KO mice are viable and do not show major defects in the basal skin barrier after birth, whereas, e.g., Cldn1-or E-cadherin-deficient mice, which show a defect of TJ barrier function for larger molecules also, exhibit a much more severe phenotype, i.e., death on the first day of birth due to a very high transepidermal water loss (TEWL) (Furuse et al., 2002; Tunggal et al., 2005) .
The observation that the alteration of epidermal barrier function is only temporary and the finding that in cultured keratinocytes formation of functional TJs was delayed but not completely abolished, further suggests that other molecules must be able to replace CD44 in signaling to TJs. This rescue might also result in the overexpression of some TJ proteins observed in our study at day E18.5. It is noteworthy that the rescue of a skin barrier phenotype during embryogenesis was also observed in loricrin-deficient mice (Koch et al., 2000) .
The formation of intercellular junctions is initiated by a calcium-dependent clustering of cadherins at opposing cell membranes and a subsequent recruitment of AJ and TJ proteins forming a so-called primordial junction, which contains components of both AJ and TJ. The components of this junction are localized at the basolateral side of the plasma membrane. In the primordial junctions of keratinocytes, the association of the Rac1 GEF, Tiam1, with Par3 enhances the activation of Rac1, which is necessary for the activation of aPKC to recruit junctional adhesion molecule-A, occludin, and Cldns. Upon activation, these molecules separate from AJ proteins and form TJ strands. This results in the separation of the plasma membrane in apical and lateral compartments and therefore in the establishment of cell polarity (Mertens et al., 2006) . We show in this study that occludin and Cldn4 are found in CD44 KO cells in the same plane of the lateral plasma membrane as the AJ protein E-cadherin, whereas in WT cells, there is a clear separation of these proteins along the lateral plasma membrane (z axis). This reflects a disturbed separation of TJs from AJ components in CD44 KO keratinocytes and therefore incomplete polarization of the cells. This is likely to contribute to the perturbed cell polarization found in the epidermis of CD44 KO mice demonstrated by the loss of apical localization of LBs.
Besides the absence of separation between TJ and AJ components, we observed a striking diffuse and/or curved distribution of Cldn1, occludin, ZO-1, ZO-2, and, to some extent, of Par3 at the cell-cell contacts in CD44 KO keratinocytes especially at earlier time points (o5 days). Interestingly, Tubadeficient cells exhibit a similar curved distribution for ZO-1 (Otani et al., 2006) . Tuba is the specific GEF for Cdc42. This similarity in staining patterns might hint for a role of a GEF in the alteration of TJ protein membrane organization observed in CD44 KO cells. As we found slightly reduced protein levels of Tiam1 in CD44 KO cells, this GEF might be involved in the altered membrane organization observed in this study.
Seeking for further possible causes explaining the perturbed localization of TJ proteins, we found a strong reduction of active Rac1 in CD44 KO mice at day E17.5. This fits well because Rac1 is known to have a central role in the formation of TJs. In addition, we observed a more pronounced reduction in the protein levels of the 150-and 180-kDa isoforms of Par3 than for the 100-kDa isoform. Par3 is subject to alternative splicing, resulting in three proteins www.jidonline.org 939 N Kirschner et al.
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Regulates TJ with different molecular masses (100, 150, and 180 kDa). All three isoforms possess the three PDZ domains, whereas the shortest isoform lacks the aPKC-binding site. The reduced protein levels of the 150-and 180-kDa isoforms of Par3 in the embryonic skin of CD44 KO mice at day E17.5 and in cultured CD44-deficient keratinocytes after Ca 2 þ switch indicates that Par3 might have an important role in the assembly and function of TJs in murine keratinocytes. It was demonstrated before that Par3 knockdown in Madin-Darby canine kidney cells reduces the activation of Rac1 and that it has a central role in the formation of TJs in these cells (Ooshio et al., 2007) . In contrast to the reduced protein levels, we observed an increased localization of Par3 at the plasma membranes of CD44 KO-cultured cells. One might speculate that this reflects the 100-kDa isoform, which is not altered at the protein level in cell culture and which is unable to bind aPKC. However, this has to be clarified in future experiments, which are beyond the scope of this manuscript.
The absence of a major effect of HA-L on TJ functionality was surprising as Bourguignon et al. (2006) observed an effect of HA-L on differentiation and we also observed an increase in CK10 protein amount in HA-treated keratinocytes. In addition, Cywes and Wessels (2001) described an interaction of group A Streptococcus HA capsule with CD44, which results in a loss of ZO-1 from intercellular junctions. However, Kaya et al. (2006) showed that only intermediatesize HA, but not HA-L or small-size HA, influences keratinocyte proliferation. Therefore, we cannot exclude that other types of HA or other concentrations might have an effect on TJs. In addition, it is known that CD44 is also a receptor for several other molecules and can exert HAindependent influences on cell behavior (Sleeman et al., 1996; Ponta et al., 2003) and the results of the study by Cywes and Wessels were obtained with squamous cell carcinoma cells and not primary keratinocytes. The important question of the appropriate ligand activating TJs in keratinocytes will be addressed in future experiments.
As it is known that CD44 influences epidermal differentiation (Bourguignon et al., 2006) and that calcium also induces cell differentiation, the question arises whether the changes seen for TJ proteins might simply be mediated by altered (delayed) cell differentiation. Although we cannot completely exclude this possibility, there are several lines of evidence that render this hypothesis unlikely: (1) The alterations of differentiation markers observed in the embryonic skin and in cultured cells are less pronounced than the changes observed for TJ proteins. (2) Changes in differentiation markers in cultured keratinocytes are found at later time points than the alteration of Cldn1, a key regulator of TJ barrier function (Furuse et al., 2002) . (3) Whereas the adult CD44 KO mouse skin shows decreased levels of differentiation markers (Bourguignon et al., 2006) , we do not observe alterations of TJ proteins. (4) Differences in TEWL in the adult CD44 KO mouse skin are not correlated with changed differentiation markers, but with alterations of TJ markers: the non-tapestripped skin of adult CD44 KO mice exhibits-as already mentioned-altered differentiation-associated proteins but neither differences of TEWL nor TJ proteins. Only after barrier disruption, when TEWL recovery is delayed in CD44 KO mice, an alteration of TJ proteins was observed. (5) We have shown before that an alteration of TJ proteins in the epidermis occurs independent from an alteration of differentiation markers (Kirschner et al., 2009) .
As it was demonstrated in the simple epithelia that TJ proteins can actually influence proliferation and differentiation (Matter et al., 2005) , changes of differentiation markers might even be a consequence from and not a cause for alteration of TJ proteins. Indeed, when investigating cultured keratinocytes derived from Cldn1 KO mice, we observed an alteration of the differentiation markers, involucrin and filaggrin. In addition, Cldn1-deficient humans, i.e., patients suffering from the neonatal ichthyosis-sclerosing cholangitis syndrome, show alterations of skin differentiation as they develop an ichthyosis (Hadj-Rabia et al., 2004) .
Summarizing our results, we show that CD44 is an upstream regulator of TJ formation and function in murine keratinocytes. The loss of CD44 alters TJ protein expression and/or localization in the embryonic epidermis, during barrier recovery in the adult epidermis, and in cultured keratinocytes. Cell polarity is changed and TJ barrier function for ions is impaired. Par3 protein levels and Rac1 activity are likely to be involved in TJ alterations. The temporal correlation between impairment of skin barrier function and alteration of TJ in CD44 KO mice strongly suggests that TJs are involved in the defective skin barrier phenotype observed in these mice.
MATERIALS AND METHODS

Tissues and keratinocytes
CD44 (CD44
tm1Hbg /J) KO and CD44 WT mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). Male and female mice were mated and gestational days were counted from the day when vaginal plugs were formed. On days 17.5 and 18.5, pregnant mice were killed and the embryos obtained. In addition, skin samples from newborn and adult mice were investigated. These animal experiments were approved by the responsible authority (FL104-04, Behö rde fü r Soziales, Familie, Gesundheit und Verbraucherschutz, Hamburg, Germany). Cldn1 KO mice were generated as described previously (Furuse et al., 2002) . Primary keratinocytes were isolated from newborn WT and KO mice as described previously (Helfrich et al., 2006) . In brief, the skin was removed and trypsinized (0.1% trypsin/0.02% EDTA) overnight at 4 1C to separate the epidermis from the dermis. The epidermis was minced, and cells were detached by shaking at room temperature (RT) for 30 minutes. Cell suspensions were seeded in dishes coated with collagen type 1 (Becton Dickinson, Heidelberg, Germany) and cultured in FAD (mixture of DMEM/HAMs F12) medium containing 50 mM Ca 2 þ in the absence or presence of mitomycin C-treated 3T3 fibroblasts as feeders. For the Ca 2 þ -switch assay, keratinocytes were transferred to the FAD medium containing 1.8 mM Ca 2 þ and cultured for the indicated time periods.
Antibodies, primers, and HA Antibodies specific for Cldn1 (71-7800), Cldn4 (36-4800), occludin (33-1500), ZO-1 (33-9100), ZO-2 (38-9100), and E-cadherin (13-1900) were purchased from Zymed Laboratories (San Francisco, (10003) were from Progen (Heidelberg, Germany). For nuclear staining, DAPI (4 0 ,6-diamidino-2-phenylindole) (Boehringer Mannheim, Germany) was applied. FAM dye-labeled real-time PCR (rtPCR) TaqMan MGB probes for Cldn1 (Mm00516701_m1), Cldn4 (Mm00515514_s1), occludin (Mm00500912_m1), and 18S RNA (Hs99999901_s1) were purchased from Applied Biosystems (Carlsbad, CA). HA-L (molecular weight 4400 kDa; purity level 499.9%) derived from rooster comb was purchased from Sigma-Aldrich (H5388).
Immunofluorescence microscopy
Cryosections (6 mm) of the frozen murine embryonic tissue were fixed for 10 minutes in acetone at À20 1C. Cultured cells were fixed in cold methanol (at À20 1C for 5 minutes) and acetone (at À20 1C for 15 seconds). Primary antibodies were diluted in phosphatebuffered saline (PBS) and applied to the sections for 30 minutes at RT. For some of the antibodies, a blocking step (2% normal goat serum, 0.1% Triton X-100; 15 minutes RT) preceded the antibody incubation. The samples were subsequently washed 2 Â 10 minutes in PBS. Thereafter, Alexa 488-or Alexa 594-labeled secondary antibodies (Jackson ImmunoResearch, Suffolk, UK) were applied for 30 minutes at RT, followed by another washing and a subsequent incubation with DAPI (1:5,000 in PBS). Finally, the slides or coverslips were washed again with PBS, followed by distilled water and mounted with Fluoromount (Southern Biotechnology Associates, Birmingham, AL). Isotype-matched antibodies were used as negative controls. An Axiophot II microscope (Zeiss, Gö ttingen, Germany) and the software Openlab 2.0.9 (Improvision, Coventry, UK) were used for the evaluation of staining. All images of staining from a series of experiments were acquired and processed with the same settings and representative areas were photographed.
XZ-images were generated using an Olympus confocal microscope (Olympus, Tokyo, Japan) and analyzed with ImageJ 1.43 software program (National Institutes of Health, Bethesda, MD).
Ultrastructural analysis
Decapitated embryos were immersed in ice-cold 2% glutaraldehyde solution in sodium cacodylate buffer. Back skin samples were collected and cut into 1-mm 2 blocks in the same fixative, followed by washing and post-fixation in 1% osmium tetroxide. The tissue samples were dehydrated in graded ethanol series and embedded in Epon at 60 1C.
Ultrathin sections recovered on copper grids were counterstained in uranyl acetate and lead citrate (Haftek et al., 1998) .
Outside-in skin permeability assay
Outside-in skin permeability assays were performed using toluidine blue O (Sigma-Aldrich) as described by Hardman et al. (1998) .
In brief, embryos that were killed were dehydrated by incubation in 25, 50, and 75% methanol/PBS (1 minute each), followed by 1 minute in 100% methanol. The embryos were then rehydrated with the same series of methanol solutions (1-minute incubations), washed in PBS, and stained for 30 minutes in 0.1% toluidine blue O/ PBS. After extensive destaining in PBS, dye penetration reveals barrier status. The white skin reflects an intact outside-in barrier, and the stained skin lacks a functional skin barrier.
In vivo TJ barrier function assay
In vivo TJ barrier function assays were performed by dermal injection of a biotinylation reagent into the back of embryonic mice that were killed (Furuse et al., 2002) . A volume of 50 ml of 10 mg ml À1 EZ-Link
Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) in PBS containing 1 mM CaCl 2 was injected. After 30 minutes of incubation, skin biopsies were taken, embedded in Tissue-Tec, and frozen. Tissue sections of 6-mm thickness were fixed for 30 minutes in 95% ethanol at 4 1C and for 1 minute in 100% acetone at RT. For staining, the cryosections were soaked in blocking solution (2% normal goat serum, 0.1% Triton X-100) for 15 minutes, incubated with the primary antibody (occludin) for 30 minutes, washed three times with PBS, and then incubated with a mixture of secondary antibody (Jackson ImmunoResearch) and Streptavidin Texas red (Merck Biosciences, Darmstadt, Germany) for 30 minutes.
Measurement of TER and PTF
For TER experiments, keratinocytes were trypsinized and plated onto Transwells of 0.4-mm pore size (Millipore, Bedford, MA) at a cell density of 10 5 cells per well. When cells reached confluence, they were transferred to the FAD medium containing 1.8 mM Ca 2 þ . For HA-L treatment, 10, 50, or 100 mg ml À1 HA sodium salt were added to the medium. TER was measured every day after Ca 2 þ switch (t ¼ 0 days) up to 10 days using a Millicell-ERS epithelial Volt-Ohm meter (Millipore) . TER values were corrected by subtracting the blank value (no cells) and are expressed in O cm 2 .
The PTF assay was also performed every 24 hours (0, 24, 48, 72, 96 , and 120 hours) after Ca 2 þ switch. In all, 0.5 mg ml À1 FITCdextran (4 and 40 kDa) (Sigma-Aldrich) was applied apically to the cell layers and incubated for 2 hours at 37 1C. Subsequently, the medium from the basal compartment was collected and fluorescence intensity was measured using a fluorescence reader (Tecan, Männedorf, Switzerland) . The amount of FITC-dextran was calculated using a calibration curve.
Western blot analysis
Biopsies of the murine embryonic skin were snap frozen in liquid nitrogen and lysed in RIPA buffer (1% NP-40, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA, 150 mM NaCl, 50 mM Tris, pH 8.0) and a cocktail of protease inhibitors (Sigma-Aldrich). The same lysis buffer was used for the cultured murine keratinocytes. Total protein (30 mg) was separated by SDS-PAGE and transferred to nitrocellulose. After blocking for 1 hour with 5% dry milk powder in tris-buffered saline þ triton, membranes were probed overnight at 4 1C with the primary antibodies. Subsequently, membranes were washed 3 Â 5 minutes with tris-buffered saline þ triton and incubated for 30 minutes with the appropriate secondary antibodies coupled with horseradish peroxidase (Jackson ImmunoResearch). After another washing for 2 Â 5 minutes with tris buffered saline þ triton immunoreactions were visualized by the ECL system (Amersham, Buckinghamshire, UK).
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Signal intensities were densitometrically quantified using the ImageJ 1.43 software program (National Institutes of Health).
Rac1 activity assay
The ''Active Rac1 Pull-Down and Detection Kit'' was purchased from Thermo Fisher Scientific (Rockford, IL) and experiments performed according to the manufacturer's protocol. In brief lysed skin samples in RIPA buffer were incubated with 20 ml of glutathion S transferase-human Pak1-p21-binding domain for 1 hour at 4 1C, followed by washing three times with a wash buffer. Proteins bound to the agarose beads were eluted in 50 ml of 2 Â SDS sample buffer and subjected to western blot analysis. Densitometric analysis was performed using the ImageJ 1.43 software program (National Institutes of Health).
rtPCR analysis
Total mRNA was isolated from three non-tape-stripped and three tape-stripped skin samples from WT and CD44 KO mice using the RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. In all, 3 mg of total RNA was used for first-strand cDNA synthesis with the iScript cDNA synthesis kit (BioRad, Munich, Germany) as suggested by the manufacturer. A volume of 2 ml of the cDNA was used as a template in rtPCR analysis with the FAM dye-labeled TaqMan MGB probes for Cldn1, Cldn4, occludin, and 18S RNA in an iCycler iQ thermal cycler (Bio-Rad) under the conditions recommended by Applied Biosystems. All rtPCR analyses were performed in triplicates for three independent experiments. Relative transcriptional levels within distinct experiments were determined using the 2 ÀDDCt method (Livak and Schmittgen, 2001 ).
Tape stripping
Flanks of WT and CD44 KO mice were stripped 6-8 times with D-squames (CuDerm, Dallas, TX). TEWL was measured using a TEWAmeter TC 350 (Courage and Khazaka, Cologne, Germany). TEWL values exceeded directly after tape stripping 50-65 g m À2 per
hour, and the measurement of TEWL was repeated at 1 and 3 hours after tape stripping. Samples of skin were also obtained for western blot and rtPCR analyses.
Statistics
Statistical analysis was performed with unpaired Student's t-test.
Values are shown as mean±SEM.
